A semiclassical approach to the dressed-atom theory is presented in which dressed energies and states are determined from the solutions of the semiclassical coupled equations for the atomic probability amplitudes. The semiclassical approach has an advantage over the standard quantum-mechanical approach, especially when an atom interacting with a nonmonochromatic field is considered, because the standard approach requires diagonalization of an infinite-dimensional Hamiltonian matrix for an evaluation of dressed energies and states. Explicit expressions for dressed states of a two-level atom interacting with a resonant monochromatic, bichromatic, and trichromatic field are given.
Introduction
The dressed-atom approach [1, 2] is a very useful method in quantum optics, as it offers a clear physical interpretation of a wide range of optical phenomena such as resonance fluorescence, pump-probe absorption spectroscopy, and photon correlation signals. The basic idea of the dressed-atom approach is to consider the atom and the radiation field, which interact strongly with each other, as a single coupled system and analyse weak interactions such as spontaneous emission and probe absorption in terms of the eigenstates (dressed states) of the coupled system, atom+field+interaction. In this approach, the atom and the radiation field are treated equally as two parts that constitute the dressed atom. As such, the dressed-atom approach falls naturally into the quantum-mechanical realm which treats both the atom and the radiation field quantum mechanically. The standard dressed-atom theory has thus been developed and applied within the full quantum-mechanical framework [1, 2] .
It has been realized [3] [4] [5] , however, that the quantum nature of the radiation field is not essential in most dressed-atom treatments. A semiclassical approach based on the concept of 'semiclassical dressed states' [3] has thus been proposed and shown to provide as good a description of an atom interacting strongly with a radiation field as the fully quantummechanical dressed-atom approach. Recently we have shown [6] that the semiclassical dressedatom approach can be used to determine dressed energies and hence to explain the resonance structure exhibited in the absorption and dispersion spectra of a two-level atom interacting with a polychromatic field.
The main purpose of this paper is to show that the semiclassical dressed-atom approach allows a determination of not just dressed energies but also dressed states and can thus be considered as a valid semiclassical counterpart of the full quantum-mechanical dressed-atom approach. We determine, using the semiclassical approach, dressed states of a two-level atom interacting in particular with a bichromatic and a trichromatic field. Bichromatic and trichromatic fields are of both theoretical and practical importance, because they represent a natural extension of the ideal monochromatic field, and because they represent the radiation field produced by amplitude-modulated lasers under special conditions. It is difficult and sometimes impossible to determine dressed energies and states within the fully quantummechanical framework when the field is nonmonochromatic, because the Hamiltonian matrix of the coupled system which needs to be diagonalized is of infinite dimension. Despite the difficulty, it is possible, as shown by Freedhoff and Chen [7] and by Ficek and Freedhoff [8] , to determine dressed energies and states of a two-level atom interacting with a bichromatic field by performing diagonalization of the infinite-dimensional Hamiltonian matrix. We show in this work that the same result can be obtained more easily using the semiclassical approach. Furthermore, we show that our semiclassical approach enables us to determine dressed states (and dressed energies) for the case when the atom interacts with a trichromatic field. We mention that there exist only a few reports [9, 10] in which fluorescence and absorption spectra of an atom in a trichromatic field are interpreted in terms of the dressed-atom picture.
In the next section we give a brief review of the semiclassical dressed-atom approach. Section 3, the main part of this paper, describes how dressed states can be determined using the semiclassical dressed-atom approach. In particular, expressions for the dressed states of a two-level atom interacting with a monochromatic, bichromatic and trichromatic field are given. Finally, a brief discussion is given in section 4.
The semiclassical dressed-atom approach and dressed energies
In this section we review briefly our semiclassical dressed-atom approach and describe how dressed energies can be determined. Although the discussion in this section overlaps with that in our earlier publication [6] , we include it here because our determination of dressed states requires the same theoretical framework that was adopted in our earlier work to determine dressed energies.
The system we consider is a two-level atom, with lower and upper levels |1 and |2 of energies 1 and 2 , respectively, interacting with a classical trichromatic field with a central frequency ω, resonant with the atomic frequency, of amplitude E 0 and two sideband components, ω 0 + δ and ω 0 − δ, of equal amplitudes E 1 = E 2 . We note that our trichromatic field covers two special cases: a monochromatic field if E 1 = 0 is taken, and a bichromatic field if E 0 = 0 is taken. Assuming for simplicity that all frequency components are associated with the same polarization and the same initial phase, the electric field is written as
The wavefunction of the atom interacting with the above classical field can be written as
here ω 1,2 = 1,2 /h. Substitution of (2) into the Schrödinger equation yields coupled differential equations for the probability amplitudes c 1 (t) and c 2 (t), which under the dipole and rotating-wave approximations can be solved analytically. The resulting solution of the atomic wavefunction is given by
where J n denotes the Bessel function of order n, 0 = µE 0 h and 1 = µE 1 h are the Rabi frequencies (µ is the component of the dipole matrix element, µ = 1|e r|2 , along the direction of the electric field), and the constants α and β are determined by the initial condition and are given by
If we take the limit E 0 = 0, i.e. 0 = 0 on equation (3), we have the expression for the wavefunction for a two-level atom interacting with a bichromatic field of frequencies ω + δ and ω − δ,
In the limit E 1 = 0, i.e. 1 = 0, equation (3) yields the wavefunction for a two-level atom interacting with a resonant monochromatic field,
Equations (3), (5) and (6) form the basis for our semiclassical dressed-atom approach. As described in our earlier work [6] , dressed energies can be determined from the phase terms in these equations. The phase terms in equation (6), for example, indicate that the interaction of the atom with the monochromatic field splits each of the bare atomic levels |1 and |2 into two levels |1, ± and |2, ± of energyh
, respectively. Similarly we see from the phase terms in equation (5) that, due to the interaction with the bichromatic field, the levels |1 and |2 each split into an infinite number of sublevels |1, n and |2, n of energyh(ω 1 + nδ) andh(ω 2 + nδ) (n = 0, ±1, ±2, . . .), while the phase terms in equation (3) indicate that the levels |1 and |2 each split into two sets of infinite numbers of sublevels |1, ±, n and |2, ±, n of energyh
as a result of the interaction with the trichromatic field. Dressed energies are then determined by adding the photon energy to the energy of the split levels. Thus, the dressed energies for the atom interacting with the monochromatic field in manifold N + 1, which is associated with N + 1 excitation units (the excitation unit is defined as the sum of the number of photons and the atomic excitation unit, where the atomic excitation unit is 1 or 0 depending on whether the atom is in the upper or lower state), are obtained by adding the photon energy (N + 1)hω to the atomic energyh ω 1 ± 0 2 of the split levels |1, ± , or by adding the photon energy Nhω to the atomic energyh ω 2 ± 0 2 of the split levels |2, ± . One thus obtains, for the dressed energies in manifold N + 1, for the case of the monochromatic field,
Here, and from now on, we take ω 1 = 0 and ω 2 = ω. Equation (7) is of course a well-known result. Similarly, dressed energies in manifold N + 1 for the case of a bichromatic field can be obtained through straightforward calculations as given by
and dressed energies in manifold N + 1 for the case of a trichromatic field by
The superscript N + 1 in equations (8) and (9) labels the manifold and counts the number of excitation units associated with the manifold, where the excitation unit is now the sum of the total number of photons of all frequencies and the atomic excitation unit. Throughout this work we assume δ to be sufficiently small (δ ω) that the field energy is determined largely by the total number of photons.
Dressed states
In this section we determine dressed states based on the semiclassical solutions, equations (3), (5) and (6) . We first consider the cases of a monochromatic field and a bichromatic field for which the dressed states are known. We then determine dressed states of a two-level atom interacting with a trichromatic field.
Monochromatic field
We wish to find dressed states for a two-level atom interacting with a resonant monochromatic field. Let us focus on the dressed states in manifold N + 1 associated with the dressed energies
given by equation (7). We recall that the energy N photons) , where the relative amplitudes of the two states |1, N + 1 and |2, N in the linear superposition are to be determined by the relative amplitudes of the states |1, + and |2, + , respectively, in equation (6) . Since the amplitudes of the states |1, + and |2, + are both given by β, we determine that the two states |1, N + 1 and |2, N have the same amplitude in the linear superposition. The normalized dressed state having the energy N +1 + is thus given by
Similarly, we can find the other dressed state | N +1 − corresponding to the energy
should also be a linear superposition of the two states |1, N + 1 and |2, N , but the relative amplitudes of the two states in the linear superposition are determined by the relative amplitudes of the states |1, − and |2, − in equation (6) . Since the amplitudes of the states |1, − and |2, − are given by α and −α respectively, we determine that the two states |1, N + 1 and |2, N should be superposed with the amplitudes of the same magnitude and opposite phases. We thus obtain
Equations (10) and (11) give dressed states in manifold N + 1. These equations of course agree with the well-known result obtained from the standard quantum-mechanical dressedatom approach. In figure 1 we show the dressed states | 
Bichromatic field
In manifold N , the dressed energy is given by 
Equations (12) and (13) are in agreement with the results obtained previously [7, 8] using the fully quantum-mechanical approach. The dressed states and corresponding energies in manifolds N + 1 and N are shown in figure 2.
Trichromatic field
We are now ready to consider dressed states of a two-level atom interacting with a trichromatic field of frequencies ω, ω + = ω + δ, and ω − = ω − δ. The dressed energy in manifold N + 1 is given by equation (9) 
In order to obtain 
where the subscript N 0 in the bracket indicates that equation (14) 
We note that |φ (14) and (15) 
where j m represents a maximum value of the index j introduced for the purpose of normalization, which can be taken to be any arbitrarily large integer, f (j, r) is a function that specifies how the states with different values of j are superposed, r is an integer that labels the dressed state associated with different superpositions of the states having different values of j . The function f (j, r) should be chosen so that the dressed states are orthogonal, i.e. so that
Equation (16) is our final formula for the dressed state in manifold N + 1 of a two-level atom interacting with a trichromatic field. In this expression, N 0 refers to a certain fixed integer which can be chosen arbitrarily. Equation (16) can therefore be applied to the dressed states belonging to all manifolds, provided that an appropriate adjustment of N 0 is taken. For example, the dressed state in manifold N is given by equation (16) if N 0 is replaced by N 0 − 1.
Discussion
In the standard dressed-atom approach, the atom and the radiation field which interact with each other are considered as a single coupled system. The dressed energy and the dressed state are the eigenenergy and eigenstate of the coupled system which consists of the atom, field and interaction. In order to obtain the dressed energy and the dressed state, it is thus necessary to diagonalize the Hamiltonian matrix for the entire coupled system, atom+field+interaction. In the semiclassical dressed-atom approach presented in this paper, the radiation field is considered as an external agency and only the 'atom+interaction' part is solved. The problem of diagonalizing the Hamiltonian matrix for the entire system, 'atom+field+interaction', is thus reduced to solving the coupled equations for the probability amplitudes c 1 (t) and c 2 (t) that describe the 'atom+interaction' part. The phase terms of the solution to these coupled equations are considered to give the energy corresponding to the 'atom+interaction' part. The dressed energy is then obtained when this energy is added to the photon energy that accounts for the energy of the remainder of the coupled system, i.e. the field.
The dressed state is given by a linear superposition of all atom-field states that yield the same dressed energy. The amplitude of each atom-field state in the superposition can be determined from the amplitude of the corresponding 'atom+interaction' state in the solution to the coupled equations for the probability amplitudes c 1 (t) and c 2 (t). The semiclassical dressedatom approach thus allows a determination of both dressed energies and dressed states.
The main advantage of the semiclassical dressed-atom approach is that the calculations involved are simpler than those required in the standard quantum-mechanical approach, and yet it yields the same dressed energies and dressed states as the quantum-mechanical approach. In particular, when the field consists of more than one frequency component, the semiclassical dressed-atom approach allows determination of dressed energies and states without performing diagonalization of an infinite-dimensional Hamiltonian matrix which is required in the standard quantum-mechanical dressed-atom approach.
